ABSTRACT In this study the membrane orientation of a tryptophan-flanked model peptide, WALP23, was determined by using peptides that were labeled at different positions along the sequence with the environmentally sensitive fluorescent label BADAN. The fluorescence properties, reflecting the local polarity, were used to determine the tilt and rotation angles of the peptide based on an ideal a-helix model. For WALP23 inserted in dioleoylphosphatidylcholine (DOPC), an estimated tilt angle of the helix with respect to the bilayer normal of 24 5 5 was obtained. When the peptides were inserted into bilayers with different acyl chain lengths or containing different concentrations of cholesterol, small changes in tilt angle were observed as response to hydrophobic mismatch, whereas the rotation angle appeared to be independent of lipid composition. In all cases, the tilt angles were significantly larger than those previously determined from 2 H NMR experiments, supporting recent suggestions that the relatively long timescale of 2 H NMR measurements may result in an underestimation of tilt angles due to partial motional averaging. It is concluded that although the fluorescence technique has a rather low resolution and limited accuracy, it can be used to resolve the discrepancies observed between previous 2 H NMR experiments and molecular-dynamics simulations.
INTRODUCTION
Membrane proteins fulfill many essential functions for the survival of a cell. These functions include signaling, transport of molecules across the membrane, and transduction of energy, which by definition all require at least a temporal change in the conformation of the membrane protein. It has been suggested that the function and therefore most probably the conformation of certain membrane proteins depend on membrane properties such as bilayer thickness, lipid packing, or the presence of microdomains (1) (2) (3) . In many cases, the underlying mechanism of the interaction between membrane proteins and the lipid environment is still far from clear, partly due to the difficulties involved in studying these complex hydrophobic systems.
To avoid some of these problems, simple model systems composed of either natural or artificial peptides in synthetic lipid bilayers have been utilized to obtain deeper insights into the basic principles of peptide-lipid interactions. One example of a frequently used natural model peptide is the M13 coat protein (4) . It was shown that the transmembrane part of this protein responds to a decreasing bilayer thickness by increasing its tilt angle (5) . Similar results have been reported for other small natural membrane peptides/proteins, such as the transmembrane segment of Vpu (6), cellsignaling peptides (7) , and alamethicin (8) .
In addition to natural peptides, synthetic model peptides with well-defined structures have been used for experimental and modeling studies to elucidate the basic principles of peptide-lipid interactions (9) (10) (11) (12) (13) . These peptides are advantageous because they allow systematic variation of peptide parameters, such as the hydrophobic length or hydrophobicity, and easy incorporation of labels via peptide synthesis. An example is the family of WALP peptides, which consist of a hydrophobic stretch of alternating leucines and alanines flanked by a pair of tryptophans at the N-and C-termini. These and other transmembrane model peptides are now widely used in systematic approaches to investigate the consequences of hydrophobic mismatch, such as helix tilt.
It appears that for WALP peptides, measurement of tilt angles is not straightforward. In a study of WALP23 peptides, a recently developed approach using 2 H NMR spectroscopy on deuterated alanines revealed a very small but systematic increase in tilt angle with decreasing bilayer thickness (14, 15) . However, recent molecular-dynamics (MD) studies predicted much larger tilt angles for WALP23 (16) and related model peptides (17, 18) . This discrepancy may arise from the fact that only limited motion was included in the models used for analysis of the 2 H NMR data, which may not have been sufficient to account for averaging effects, resulting in an underestimation of the tilt angle (16, 17, 19) . Alternatively, the MD simulations may need improvement, such as by the use of longer timescales. Clearly, it is important to resolve this issue because accurate determination of the tilt angle is essential for understanding the basic principles of peptide-lipid interactions.
One approach to obtain accurate tilt angles would be to include different types of NMR labels combined with different dynamic models. Polarization inversion spin exchange at magic angle (PISEMA) methods (20, 21) are a step in this direction. Alternatively, one could use methods with shorter timescales, which would reduce signal averaging due to peptide motions. Here, we chose the latter approach by using steady-state fluorescence spectroscopy. For this purpose, a set of WALP23 peptides with single cysteine replacements at different positions in the peptide sequence were labeled with the fluorescent label BADAN, which reports the polarity of the local environment (22) . Analysis of the fluorescence results for WALP23 peptides in bilayers yielded similar rotation angles but much larger tilt angles than determined from 2 H NMR experiments, which indeed suggests an underestimation of the tilt angle due to motional averaging. Furthermore, WALP23 was found to respond to changes in the thickness of the bilayers by only partly adapting its tilt angle. This is in agreement with the observation that tilting is not the only response of WALP peptides to mismatch; other responses, such as stretching or disordering of the lipids and an increased tendency to self-associate, can occur simultaneously (9) .
MATERIALS AND METHODS

Materials
Cholesterol, 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine (14:1PC), 1,2-dipalmitoleoyl-sn-glycero-3-phosphocholine (16:1PC), 1,2-dioleoyl-snglycero-3-phosphocholine (18:1PC), 1,2-dieicosenoyl-sn-glycero-3-phosphocholine (20:1PC), and 1,2-dierucoyl-sn-glycero-3-phosphocholine (22:1PC) were purchased as lyophilized powders from Avanti Polar Lipids (Alabaster, AL) and used without further purification. All other chemicals used were of analytical grade, and the water used was deionized and purified with a Milli-Q Gradient water purification system from Millipore (Billerica, MA).
The peptides WALP23-C0, WALP23-A11C, WALP23-L12C, WALP23-A13C, and WALP23-C24 were synthesized using Fmoc/tBu solid-phase peptide synthesis as described elsewhere for related KALP peptides (23) . All other peptides were synthesized using manual solid-phase synthesis protocols developed by SynPep (Dublin, CA). The peptide sequences are given in Table 1 .
Methods
Labeling of peptides with BADAN
First,~1 mg of each peptide was weighed into an Eppendorf tube and dissolved in 200 mL trifluoroethanol (TFE). Subsequently, 10 mL H 2 O were added and the peptide solution was deoxygenized by bubbling with N 2 gas for several minutes. Still under N 2 atmosphere, 2 mL of triethylamine and 1.5 equivalents of BADAN (6-bromoacetyl-2-dimethylaminonaphthalene; Molecular Probes, Invitrogen, Carlsbad, CA), dissolved in methanol and purged with N 2 , were added. After the reaction mixture was stirred in the dark for 3 days at 4 C, the peptides were precipitated in 10 mL of cold methyl tert-butyl ether/n-hexane (1:1; À20 C) to remove unbound BADAN label. The precipitate was collected by centrifugation, the supernatant containing the unreacted BADAN label was decanted, and the precipitate was washed once again with methyl tert-butyl ether/n-hexane (1:1). Removal of unbound BADAN label was confirmed by thin-layer chromatography using chloroform/methanol/water (65:25:4) as the running solvent. No free BADAN label was visible under ultraviolet light.
The purity of the peptides was analyzed by analytical high-performance liquid chromatography (HPLC) with a C4 reverse phase column (Reprosil 300 C4 5 mm, 250 Â 4.6 mm) using a linear solvent gradient from 10% to 100% methanol containing 0.1% TFA (trifluoroacetic acid) over 30 min. Before injection, the peptides were dissolved in TFE. If the purity was <90%, the labeled peptides were purified using a solvent gradient from 60% to 100% methanol containing 0.1% TFA over 40 min. For the purified peptides, the HPLC solvents were evaporated and residual TFA was removed by repeated cycles of dissolving the peptides in TFE followed by evaporation under high vacuum. The identity of all BADAN-labeled WALP23 peptides was verified by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry using a-cyano-4-hydroxycinnamic acid as the matrix. The observed peptide masses are listed in Table 1 .
Sample preparation
Stock solutions of~5 mM lipids in chloroform were prepared by weight. The phospholipid concentrations were determined using the Rouser phosphorus assay. Stock solutions of BADAN-labeled WALP23 peptides were prepared with a concentration of~25 mM in TFE. The peptide concentration was After the solutions were mixed with appropriate amounts of peptide and phospholipids/cholesterol, the organic solvents were evaporated under a stream of N 2 gas and were further removed under vacuum overnight (~1 Â 10 À2 mbar). All fluorescence experiments were performed with a peptide/ lipid molar ratio of 1/500 and a final peptide concentration of~1 mM. The samples were hydrated with buffer (25 mM HEPES, 100 mM NaCl, pH 7.0) and vortexed. Large unilamellar vesicles were produced by extrusion through inorganic membrane filters with 200 nm pore size (Anotop 10; Whatman International, Maidstone, England).
Fluorescence measurements
After preparation, the samples (1.2 mL) were directly transferred to a 10 mm quartz cuvette and measured at room temperature on a Fluorolog 3.22 fluorimeter (Jobin Yvon-Spex, Edison, NJ), using excitation light at 380 nm and a band pass of 2 nm in both excitation and detection light paths. The emission spectra were corrected for wavelength-dependent deviations in the detection system by means of the instrument-specific correction file. All spectra were also corrected for background signals using a blank sample containing unlabeled WALP23 peptides with the same peptide/lipid ratio. Inner filter effects were negligible because all samples measured had an absorbance of <0.025. For a quantitative analysis, the fluorescence spectra were decomposed into the different spectral components described above using three Gaussians, each characterized by a width, intensity, and peak position. The fraction of each spectral component was then calculated from the product of the width and intensity, relative to the total of all spectral components. The fraction of total hydrogen-bonded labels f HB was found by adding the spectral fractions of mobile and immobile hydrogen-bonded BADAN labels. Although the peak position of the HICT m component highly depends on the local polarity at the label position, the HICT i and ICT components were found to be relatively independent in the case of BADAN (25) . This allows one to simplify the spectral decomposition by fixing the peak position of the ICT state and the HICT i state at 23,400 cm À1 and 22,140 cm À1 , respectively. These numbers were determined from emission spectra with a large fraction of the respective spectral component. From the emission maxima as a function of label position, the tilt and rotation angles were determined by fitting the values to those calculated for a tilted a-helix, as detailed below and in Section S1 of the Supporting Material.
Analysis of the fluorescence spectra
RESULTS
Spectral shape depends on label position
A series of WALP23 peptides with cysteine replacements in different positions along the a-helix were labeled with the environmentally sensitive fluorophore BADAN. First, the labeled peptides were inserted in 18:1PC and fluorescence spectra were recorded (Fig. 1) . The spectra for WALP23 peptides labeled at positions close to the peptide termini are clearly different from spectra from peptides labeled at positions in the hydrophobic stretch, and show abrupt changes in polarity between positions 4 and 6, and between positions 18 and 20. The differences in spectral shape are due to the sensitivity of BADAN to the polarity of the local environment. Across a lipid bilayer, the polarity of the environment changes from very polar for the water phase and lipid headgroups to apolar for the lipid acyl chain region with a steep gradient across the interfacial region (26) . The emission maximum exhibits a large red shift of 80 nm for labels positioned close to the peptide termini, indicating a more polar environment for labels at the N-or C-terminus of the peptide. These findings confirm the transmembrane insertion of the WALP23 peptide in 18:1PC bilayers.
Quantification of the spectral effects
Next, the effects were quantified by spectral decomposition of the emission spectra, which yielded different types of information as described previously (25) . In Fig. 2 , the decomposition is illustrated for a label positioned in the bilayer interior (position 14, upper spectrum) and a label located at the lipid/ water interface (position 0, N-terminus, lower spectrum). A comparison of the spectra reveals striking differences in the spectral components. For position 14, all components are almost equally present (Fig. 2 A) , whereas for a label at the N-terminus a large fraction of mobile hydrogen-bonded labels is observed (Fig. 2 B) . Furthermore, the emission maximum of the mobile hydrogen-bonded labels shifts (from 20,690 cm À1 at position 14 to 19,470 cm À1 at the N-terminus), which reflects changes in the polarity of the local label environment (25) . The fraction of immobilized labels emitting with a maximum of 22,140 cm À1 is larger for position 14, which indicates that labels located in the bilayer interior are more restricted in their motion. Finally, the spectral fraction of non-hydrogen-bonded labels emitting with a maximum of 23,400 cm À1 is much larger for the label positioned in the interior of the bilayer, as expected because there are less water molecules in the interior of the bilayer compared to the membrane/water interface.
For further analysis, we used the peak position P m of the mobile hydrogen-bonded fraction of labels. In principle, the total fraction of hydrogen-bonded labels f HB (see Section S2 of the Supporting Material for details) can also be used to retrieve the tilt angle. Here, we focused on P m because it is more sensitive to changes across the membrane.
Determination of the peptide orientation
The polarity profile as sensed by the BADAN labels roughly follows a sigmoidal-shaped curve (see data points in Fig. 3 A) , as expected for the polarity profile of a bilayer (26) . Thus, the Biophysical Journal 97(8) 2258-2266 emission spectrum of a BADAN label attached to the WALP23 peptide strongly reflects the location, i.e., the depth of insertion into the bilayer. If the peptide is tilted with respect to the membrane normal, the location of any label in the bilayer will depend on the extent of the tilt and the rotation of the helix. Tilt introduces a periodicity on the depth of insertion into the bilayer, and the phase of the periodicity is determined by the rotation of the helix. Closer inspection of the P m data set for WALP23 peptides in 18:1PC indeed suggests such a periodicity (Fig. 3 A, black line) superimposed on a sigmoidal curve (gray line in Fig. 3 A, representing the expected profile for a nontilted helix). From this, quantitative information can be retrieved about the orientation of the WALP23 peptide in a manner similar to that previously used to determine the tilt angle for M13 coat protein (5) .
To obtain the tilt and rotation angles, the WALP23 peptide is modeled as an ideal a-helix. We also assume that the peptide tilt and rotation angle are not biased by the presence of the label. The validity of these assumptions will be discussed later. In addition, an estimation of the distance between the label and the helix axis is needed to calculate the depth of insertion of the label into the bilayer. The label is connected to the peptide via a flexible linker chain, leading to a distance distribution. As a first approximation, we estimate the average orthogonal distance of the label to the helix axis to 7.5 Å . The fit procedures are further detailed and discussed in Sections S1 and S3 of the Supporting Material. In brief, choosing a larger distance will result in a smaller tilt angle, and vice versa.
Using the model described above, the insertion depths of labels attached to different positions can be calculated for any given combination of tilt angle t and rotation angle r (for details see Section S1 of the Supporting Material). These depths of insertion can be translated to wavenumber peak positions using a polarity profile for the bilayer. Here, we used a linear relationship between emission peak positions and polarity (see Section S4 of the Supporting Material). In previous studies, the sigmoidal function was used to model the polarity profile of the bilayer (5, 27) . Here, we used a Gaussian to describe the polarity profile of the bilayer because it requires one fit parameter less, and hence allows a more reliable comparison. However, very similar results were obtained when the results were fitted with a sigmoidal function (data not shown). The calculated peak positions were fitted to the peak position data sets using least-square minimization to retrieve the best solution for tilt and rotation angles. Fig. 3 A (black line) shows the best fit (tilt angle t ¼ 23.6 and a rotation angle r ¼ 107 ) to the P m data set of WALP23 peptides incorporated into bilayers of 18:1PC as function of the helical position, and Fig. 3 B shows the fit that depends on the insertion depths of the labels. To obtain this fit, the data points for positions 2 and 22, where interfacial tryptophans were replaced by cysteines labeled with BADAN, were omitted (Fig. 3, Â) , because these points showed large deviations in comparison with all other data points. We believe that this is a direct result of substituting tryptophans, because these may be a dominant factor in determining the global orientation of the peptide (28) . The contour plot of the sum of squared deviations (SSD) for fits with different combinations of tilt and rotation angles shown in Fig. 4 illustrates the overall quality of the fit.
Effects of hydrophobic mismatch
To investigate the effects of hydrophobic mismatch, fluorescence spectra were recorded for BADAN-labeled WALP23 peptides inserted into bilayers of unsaturated phospholipids with varying thickness. The results of the spectral decomposition (i.e., P m ) are depicted in Fig. 5 A. A lower value of P m corresponds to a more polar environment, and vice versa. For the thinner bilayers, the local polarity sensed by the BADAN labels is higher in the bilayer interior, which can be explained by the lower water content in thicker hydrocarbon layers. However, for the thickest bilayer, 22:1PC, we observed a relatively high polarity for some labels positioned in the middle of the a-helix. This may be due to water molecules trapped in the center of the bilayer as a consequence of peptide-induced bilayer distortions under conditions of large negative mismatch.
The polarity profiles for the different bilayers were fitted to determine tilt and rotation angles for WALP23 peptides incorporated into bilayers of different thickness. The results are listed in Table 2 . No reliable fits could be obtained for the thinnest (14:1PC) and thickest (22:1PC) bilayers, possibly because of distortions in the local lipid environment or the peptide structure under these extreme mismatch conditions. Table 2 shows that the tilt angles slightly decrease with increasing bilayer thickness, whereas the rotation angle remains about the same, suggesting a preferred orientation of the peptide that is independent of the tilt.
The adaptations of tilt angle are much less than expected for a complete adaptation to mismatch based on geometrical considerations. Indeed, if the peptide had a tilt angle of 23.6 in 18:1PC and would completely adapt to the thickness of the thinner bilayer in 16:1PC by further tilting, one would expect a tilt angle of 34.9 in the latter bilayer. Similarly, if the tilt angle of 24.8 that we observed in 16:1PC were a result of adaptation to mismatch, one would expect zero tilt in 18:1PC.
The general error of the tilt angles is quite large, since the precise distance between the label and the helix axis is not known (see Section S4 in the Supporting Material for details). Nevertheless, we believe the small changes in tilt angle to be significant because the ''relative values'' of the tilt angles are estimated to be accurate within <1
when the values for bilayers with different thicknesses are compared.
Effect of cholesterol
The addition of cholesterol is known to increase the bilayer thickness because of its ordering effect on the surrounding lipid acyl chains. This effect is most pronounced for saturated lipids, but unsaturated lipids also are slightly ordered and therefore thickened (29) . BADAN-labeled peptides were incorporated into 18:1PC bilayers containing cholesterol concentrations of up to 40 mol %. It was found that the polarity sensed by the BADAN labels decreased slightly with increasing cholesterol concentration (Fig. 5 B) , suggesting that the more ordered bilayer contains less water molecules in the hydrocarbon region. The changes in the local polarity as sensed by the BADAN labels were much smaller for changes in cholesterol concentrations than for changes in bilayer thickness.
The polarity data sets for the different cholesterol concentrations were fitted according to the procedure above, and reliable fits were obtained for all cholesterol concentrations used. As summarized in Table 3 , the tilt angles show a slight decrease with increasing cholesterol concentration, whereas the rotation angle remains almost unchanged. The results suggest that the effect of cholesterol can be attributed to its effect on bilayer thickness, and that the presence of cholesterol by itself does not affect the behavior of the peptide in the bilayer.
DISCUSSION
The main objective of this study was to investigate the tilt and rotation angles of the transmembrane model peptide WALP23 in a lipid bilayer. A series of WALP peptides were labeled with the environmentally sensitive fluorescent label BADAN in different positions and incorporated into bilayers of different thicknesses and cholesterol contents. Spectral decomposition of the emission spectra yielded information regarding the polarity and hydrogen-bonding capacities in the local vicinity of positions along the a-helix. These data profiles were used to retrieve the orientation of the transmembrane helix.
Analysis using the ideal a-helix model
The model used to fit the data profiles is based on a canonical a-helix. Previous circular dichroism and Fourier transform infrared spectroscopy experiments showed that WALP peptides adopt a regular a-helical conformation in various types of bilayers (23, 30) . In addition, MD simulation studies indicated that WALP23 in a matching bilayer of 14:0PC adopts a highly regular a-helical structure for the hydrophobic core region, and that unordered structures only occur for the residues at the N-and C-termini (16) . In agreement with this, fits excluding the data points from the potentially unordered residues at the N-and C-termini of the helix yielded small SSD values. Furthermore, leaving out any data point within the hydrophobic region yielded very similar values of tilt and rotation angles (not shown), supporting the notion that the BADAN label does not interfere with the regularity of the a-helix.
The quality of the fits to the polarity profiles was best for WALP23 peptides incorporated into bilayers of 18:1PC, representing the situation of hydrophobic matching. For WALP23 peptides in bilayers of 16:1PC and 20:1PC, where the lipids may have been slightly adapted, the fit was still good as judged by the SSD. However, in bilayers of 14:1PC and 22:1PC, the quality of the fits was poor, even yielding local minima. This observation can be explained by the possible responses of the peptide and lipids to these extreme mismatch situations (9) . In the case of 14:1PC, the hydrophobic region of the bilayer is much too thin for a WALP23 peptide, which may lead to a distortion of the peptide backbone, as suggested for WALP23 peptide in 12:0PC (15, 31) . Similarly, for WALP23 peptides in much too thick bilayers of 22:1PC, the a-helix may become partly unwound. Such distortions would prohibit the use of the ideal a-helix model for data analysis. The analysis could be further complicated by local distortions of the bilayer as a consequence of mismatch.
Finally, it is possible that only a limited amount of peptides can be incorporated into the bilayer in extreme mismatch situations (11, 30) . This would also hamper data analysis, since it is not possible to separate spectral fractions originating from such a nonincorporated population from those of the transmembrane population. However, at the low peptide/lipid ratios used in this study, we do not expect the latter effect to be significant.
Advantages and disadvantages of using fluorescent labels
Our approach based on fluorescence spectroscopy complements the well-established NMR methods to investigate the orientation of membrane-associated peptides, and presents several advantages as well as disadvantages. The most important advantage here is that fluorescence spectroscopy operates on much shorter timescales than NMR spectroscopy, preventing any influence due to (global) peptide motions. In our analysis, the instantaneous distributions of tilt and rotation angles are accounted for by fitting the spectral components with Gaussians, yielding a value for the mean orientation. Another advantage is that fluorescence spectroscopy is a sensitive method that requires only low concentrations of fluorescent molecules. This allows one to perform experiments at low peptide/lipid ratios and under physiologically relevant hydration conditions. However, there are also disadvantages to our approach. A major disadvantage of the technique is the need for labels that might interfere with the orientation or conformation of the peptide. Furthermore, due to the assumptions that need to be made regarding the distribution of the labels and the distance between the label and the peptide helix axis, this technique has a rather low resolution and only limited accuracy. Nevertheless, this fluorescence approach is appropriate for resolving the discrepancies between previous 2 H NMR experiments and MD simulations regarding the tilt angle of the WALP peptide.
In this study we used BADAN as environmentally sensitive label. Like the more frequently used AEDANS probe, it belongs to the family of fluorescent DAN moieties (see Fig. 6 for structures). However, whereas AEDANS has a single emission state, BADAN has relatively complex fluorescence properties, which provide additional information but also complicate interpretation of the results. The advantages of the BADAN label are that it is uncharged and has a shorter linker chain than AEDANS, and thus can be expected to introduce less bias for the orientation of the label in the hydrophobic environment of the membrane. For studies on natural peptides containing charged residues that strongly influence the local polarity, the longer linker chain of AEDANS can be advantageous because it allows one to probe the more distant membrane environment. Recently, the membrane topology of the M13 coat protein was successfully investigated using AEDANS (5) .
WALP23 has a very regular amino acid sequence of alternating leucines and alanines in the hydrophobic stretch, and does not contain any charged residues. Thus, the influence of the amino acid sequence can be expected to be negligible, enabling use of the BADAN label. For all labeled positions, we assumed a homogeneous spatial distribution of label orientations due to the flexible linker chain, although we cannot exclude the possibility that the lipid environment biased its average orientation. As with any other label, we also cannot exclude the possibility that the label biased the orientation of the peptide. However, for WALP23, we expect that any influence of the label on the orientation of the peptide is small, as long as the label is positioned within the hydrophobic stretch flanked by the tryptophans. These tryptophans have been shown to strongly anchor to the membrane/water interface (32), most likely determining the preferred tilt and rotation angles, and dominating any effect of the label.
Membrane orientation of WALP peptides
In this study we found tilt angles of 24 5 5 for WALP23 peptides in 18:1PC bilayers, which is much larger than the angles found in previous 2 H NMR studies (14, 15) . In those studies, analysis of a set of quadrupolar splittings of WALP23 peptides, including a single deuterium-labeled alanine, with the geometric analysis of labeled alanines method yielded relatively small tilt angles of 4.8 and 5.2 for WALP23 peptides incorporated into matching bilayers of 18:1PC and 14:0PC, respectively (14) . In 12:0PC, representing a positive mismatch situation, only a small increase to 8.1 was observed (14) . Similar small tilt angles were observed using a different solid-state NMR method (PISEMA) on related peptides (20) .
Recently, it was suggested that the observation of relatively small tilt angles determined from 2 H NMR experiments may be due to additional signal averaging, leading to an underestimation of the observed tilt angle (16, 19, 28) . The larger tilt angles we obtained in this study using fluorescence methods are in line with the larger tilt angles (33.5 ) suggested from MD simulation studies (16, 17) . If partial motional averaging were caused mainly by large amplitude fluctuations around the helix axis, one would expect that the rotation angles calculated from the 2 H NMR experiments would not be significantly influenced by this motion. To compare the rotation angles obtained in fluorescence experiments with those acquired from previous 2 H NMR results, we need to correct the rotation angle for method-inherent offsets. Due to the preferred orientation of the BADAN label along the C a -C b bond, the fitted rotation angle differs from the rotation angle referenced to the C a atom. We estimated the angle offset to 29 using a distance of 7.5 Å of the label to the helix axis and an angle of 43. 3 between C a orthogonally connected to the helix axis and the C a -C b bond. The corrected rotation angle of 136 agrees well with the rotation angle of 146 obtained from 2 H NMR experiments. Our fluorescence experiments indicate that the response of the tilt angle of WALP23 to the changing bilayer thickness is insufficient to compensate for the effects of a hydrophobic mismatch. This points toward additional mismatch responses of these peptides and agrees with the observation that under conditions of positive hydrophobic mismatch, tryptophanflanked peptides locally stretch the bilayer (32) and have an increased tendency to self-associate (33) . This is in contrast to results from solid-state NMR studies on a peptide derived from Vpu, in which a complete compensation for hydrophobic mismatch by tilting was observed (6) . Apparently, there is an energetic cost for tilting of the WALP peptides. This may be due to the presence of the tryptophan residues and is in line with the suggestion that interfacially localized tryptophans may ''buffer'' a transmembrane helix against changes in orientation due to changes in the bilayer thickness (34) . Such an effect may also explain the absence of interfacial tryptophans in McsL. This channel protein undergoes large changes in tilt of a-helices upon opening, which is interfered with by the introduction of interfacial tryptophan residues (35) .
To gain more information on the role of interfacial tryptophans in determining tilt and rotation angles, it would be interesting to study the KALP peptides, which are analogous to the WALP peptides but have a pair of lysines at both sides of the lipid/water interface instead of tryptophans. Indeed, these peptides do not seem to have strong anchoring interactions, as no complementary adaptation of the lipids is observed when a mismatch is introduced (32) . Previous 2 H NMR experiments suggested that WALP and KALP peptides both adopt small tilt angles (14) . However, as discussed above, correct determination of tilt angles using 2 H NMR requires information about motional averaging, and this may not be the same for both KALP peptides and WALP peptides. By using the approach presented above, one could in principle circumvent these problems. Unfortunately, however, this method most likely is not suitable for determining the tilt angles of KALP peptides, partly because the lack of strong interfacial anchoring may result in a larger influence of the label on the orientation of KALP than for WALP peptides. In addition, the charged lysine side chains in the KALP peptides may interfere with data analysis because they may have a large effect on the local polarity that is sensed by the BADAN label. Thus, further development of complementary methods, such as solid-state NMR techniques that take into account different types of possible motions, or MD approaches is necessary to fully understand the principles of how lipids affect the orientation of transmembrane helices.
SUPPORTING MATERIAL
Four sections, five figures, a table, and references are available at http:// www.biophysj.org/biophysj/supplemental/S0006-3495(09)01305-8.
